Article Focus
=============

The goal of this study was to determine whether intra-articular administration of the potentially anti-fibrotic agent decorin influences the expression of genes involved in the fibrotic cascade and if that change ultimately leads to a decrease in clinical contractures, in an animal model.

Key Messages
============

When administered intra-articularly at eight weeks, 2 mg of decorin had no significant effect on joint contractures.

However, our genetic analysis revealed a significant alteration in several fibrotic genes, including a trough in decorin at approximately six hours. As such, the lack of difference in joint contractures is likely related to the timing of administration.

Strengths and limitations
=========================

Strengths: This is a validated animal model, biomechanical analysis with concurrent large-scale genetic expression investigation, studied at multiple early and late time points.

Limitations: No polymerase chain reaction (PCR) confirmatory studies have been completed.

Introduction
============

Joint fibrosis resulting from inflammatory or degenerative conditions, trauma, or surgery is common, of variable severity, and difficult to overcome. The intimate biological mechanisms underlying joint fibrosis remain poorly understood. However, anti-fibrotic agents could potentially be used for the prevention or treatment of joint fibrosis. Decorin is a small leucine-rich endogenous proteoglycan with known anti-fibrotic properties, but its effect on joint contractures is largely unknown.

Decorin co-localises with TGF-β and renders its effects inactive.^[@r1]-[@r5]^ Decorin has displayed antifibrotic effects in lung,^[@r6]-[@r9]^ cardiac,^[@r10]^ vascular,^[@r11]^ kidney,^[@r12],[@r13]^ liver,^[@r4]^ brain,^[@r14]^ hypertrophic scar,^[@r15]^ conjunctival,^[@r16]^ and vocal cord tissues.^[@r17]^ In regards to orthopaedics, decorin has been shown to decrease intra-articular fibrous adhesions in a rabbit knee joint,^[@r18]^ minimise synovial hyperplasia in fluid from osteoarthritic knees containing mesenchymal stem cells,^[@r19]^ and prevent fibrosis in lacerated muscle.^[@r5]^ More importantly, Li et al^[@r20]^ have recently shown that decorin not only prevents muscle fibrosis, but also improves muscle regeneration and repair.^[@r20]^

We have recently developed and validated an animal model of joint contracture.^[@r21]^ In addition, we also created and validated a customised microarray for our rabbit model, with the goal of simultaneously evaluating changes in gene expression of hundreds of genes.^[@r22]^ Using this contracture model and calibrated measuring device, we assessed the anti-fibrogenic effects of decorin when compared with bovine serum albumin (BSA) (control 1) and no injection (control 2) by measuring the biomechanical properties (flexion contracture) and genetic expression of 376 genes using our customised microarray.

Materials and Methods
=====================

A total of 18 skeletally mature New Zealand white (NZW) female rabbits weighing between 2.7 kg and 3.4 kg were used for the study. As per our previously described protocols, all rabbits had their right knees operated to create 3 mm defects in the non-cartilaginous portions of the femoral condyles, with hyperextension of the joint performed to disrupt the posterior capsule and immobilisation in maximum flexion with a Kirschner (K)-wire for eight weeks (Fig. 1).^[@r21]-[@r23]^ The wire was removed and the rabbits were allowed activity in a cage for 16 weeks before sacrifice. After sacrifice at 24 weeks, the limbs were tested using a custom-made, calibrated joint measuring device (Fig. 2).^[@r21]-[@r23]^ The left knee of each animal served as a non-operative control within each group, based on our previous work, which demonstrated the validity of this control model.^[@r22]^ Institutional Animal Review Committee approval was obtained prior to initiation of the experiments.

![Intra-operative photograph of right knee immobilisation and formation of contracture with K-wire.](2000276-galleyfig1){#f1}

![Photograph depicting the custom-made and validated device used to measure joint contracture angles.](2000276-galleyfig2){#f2}

The six right limbs in the experimental group (group 1) received four 500 ug/ml intra-articular injections of decorin over eight days, for a total of 2 mg (Table I), starting eight weeks from the index surgical intervention and after the initiation of the contracture. We chose the dosing and frequency based on previous literature, which implied that 2 mg of decorin is optimal to induce apoptosis.^[@r5],[@r6],[@r24]^

###### 

Distribution of animals (N/A, Not Applicable)

            **No. of animals**   **Intra-articular injection**   **Concentration (µg/mL)**   **Volume (mL)**
  --------- -------------------- ------------------------------- --------------------------- -----------------
                                                                                             
  Group 1   6                    Decorin                         500                         1
  Group 2   6                    Bovine serum albumin            N/A                         1
  Group 3   6                    None                            N/A                         N/A

The six right limbs in the first control group (group 2) received four intra-articular injections of BSA over eight days, also starting at eight weeks. The six right limbs in the second control group (group 3) received no injections. Of note, all injections started at the eight-week time point and were given every other day. Injection of the solution into the knee joint was confirmed on fluoroscopy (Figs 3a and 3b). The volume injected (1 mL) was standardised and based upon the results of pilot studies.

###### 

Intra-operative fluoroscopic images confirming a) intra-articular placement of needle, and b) subsequent injection of decorin or bovine serum albumin (BSA).

![](2000276-galleyfig3a)

![](2000276-galleyfig3b)

At 24 weeks, rabbits were sacrificed and the joint capsules were harvested. The mRNA extraction was completed as per previously described protocols.^[@r22]^ After mRNA extraction, a custom microarray, created in our laboratory, was used to evaluate fold changes of 376 genes, including the temporal expression of decorin.^[@r22]^

Statistical analysis
--------------------

The sample size was calculated assuming a 5% type 1 error and 80% power to detect an effect size of 30°, with a standard deviation ([sd]{.smallcaps}) of 20°. The knee joint flexion angles of the operated limbs were measured and compared with the unoperated contralateral limbs in all groups. The operative limbs of group 1 were also directly compared with the limbs of groups 2 and 3, respectively. Comparison was performed using a two-sample *t*-test assuming unequal variances. Significance level was set at p \< 0.05. Data are presented as a mean value ([sd)]{.smallcaps}.

Gene expression profiles of the limb injected with decorin were compared with the two sets of control limbs. As previously described, the Illumina whole-genome genes expression bead chip array (Illumina, San Diego, California) was used to assay 376 transcripts.^[@r22]^ Six samples were run on one array and the samples from the groups were randomly allocated. Gene expression data was normalised within treatment group using the model-based normalisation method, fastlo.^[@r25]^ Analysis was done using log base-2 expression values and Student's *t*-test was used for differences between mean expression levels. Results are presented for p \< 0.01.

Results
=======

Biomechanical analysis
----------------------

When analysing the group 1 (decorin) operative limbs at 24 weeks, the mean flexion contracture angle was 65.8° ([sd]{.smallcaps} 19.3°), compared with 8.2° ([sd]{.smallcaps} 7.4°) on the unoperated contralateral side (p = 0.0002) (Table II). When analysing the group 2 (BSA group) operative limbs at 24 weeks, the mean flexion contracture angle was 69.1° ([sd]{.smallcaps} 31.1°), compared with 11.8 ([sd]{.smallcaps} 20.3°) on the unoperated contralateral side (p = 0.0002). Similarly, the group 3 (no injection) operative limbs had a mean flexion contracture angle of 71.5° ([sd]{.smallcaps} 9.3°) when compared with 11.9° ([sd]{.smallcaps} 21.4°) on the unoperated contralateral side (p = 0.0002). In essence, all three groups formed statistically significant joint contractures, compared with their unoperated contralateral limb.

###### 

Summary of flexion contracture angles (BSA, Bovine Serum Albumin).

  **Injection type**   **Operative (right) limb flexion contracture angle Mean ([sd]{.smallcaps}) (°)**   Non-operated (left) limb flexion contracture angle **Mean ([sd]{.smallcaps}) (°)**   **p-value (*t-*test)**
  -------------------- ---------------------------------------------------------------------------------- ------------------------------------------------------------------------------------ ------------------------
                                                                                                                                                                                               
  Decorin              65.8 ([sd]{.smallcaps} 19.3)                                                         8.2 ([sd]{.smallcaps} 7.4)                                                         0.0002
  BSA                  69.1 ([sd]{.smallcaps} 31.1)                                                       11.8 ([sd]{.smallcaps} 20.3)                                                         0.0002
  None                 71.5 ([sd]{.smallcaps} 9.3)                                                        11.9 ([sd]{.smallcaps} 21.4)                                                         0.0002

There was no statistical difference in the flexion contracture angles between right limbs that received intra-articular decorin *versus* those that received intra-articular BSA (65.8° \[[sd]{.smallcaps} 19.3°\] *vs* 69.1° \[[sd]{.smallcaps} 31.1°\], respectively; p = 0.41) (Table III). Likewise, there was no statistical difference between right limbs that received intra-articular decorin, as opposed to those not receiving an injection (65.8° \[[sd]{.smallcaps} 19.3°\] *vs* 71.5° \[[sd]{.smallcaps} 9.3°\], respectively; p = 0.27). The lack of significance remained when the control left limbs were taken into account (p \> 0.40).

###### 

Summary of flexion contracture angles (BSA, Bovine Serum Albumin).

                        **Injection type**              **Operative (right) limb flexion contracture angle mean ([sd)]{.smallcaps} (°)**   ****p-value (*t-*test)****
  --------------------- ------------------------------- ---------------------------------------------------------------------------------- ----------------------------
                                                                                                                                           
  **First analysis**    **No injection *vs* Decorin**   71.5 ([sd]{.smallcaps} 9.3) / 65.8 ([sd]{.smallcaps} 19.3)                         p = 0.27
  **Second analysis**   **BSA *vs* Decorin**            69.1 ([sd]{.smallcaps} 31.1) / 65.8 ([sd]{.smallcaps} 19.3)                        p = 0.41

Genetic expression profiles
---------------------------

Out of 376 genes, 12 had significantly increased mRNA expression in the decorin group compared with the BSA group (p \< 0.01) (Table IV). Substance P, neuropeptide γ, and neurokinin A, cyclin E2, matrix metalloproteinase-9 (MMP-9), major histocompatibility complex (MHC) class II HLA-DR-α, matrix metalloproteinase-13 (MMP-13), lectin-like oxidized LDL receptor-1 (LOX-1), coagulation factor VII, eukaryotic initiation factor-2α (eIF-2α), angiotensin receptor 2, and protein kinase C-β (PKC-β) were all increased with the intra-articular injections of decorin, while hemoxygenase 1 (HO-1) was decreased. When compared with the no injection group, there were two genes that were significantly increased (GRO protein and MHC class II HLA-DR-α) and one decreased (apolipoprotein D) in the decorin group (p \< 0.01) (Table V). Finally, we mapped the temporal course of decorin over time and found that it had a trough at six to 12 hours, with return to homeostatic levels at 24 hours in the fibrotic cascade (Fig. 4). These data suggest that decorin potentially has an effect on joint fibrosis, but not in the amount, timing or frequency schedule used here.

![Graph depicting the temporal expression of decorin mRNA expression in our rabbit model of joint contractures.](2000276-galleyfig4){#f4}

###### 

Summary of genes most up- and down-regulated with decorin compared with bovine serum albumin (BSA) (in descending order of p-value)

  **Decorin *vs* BSA**                                                 **Log~2~ fold change**   **p-value (*t*-test)**
  ----------------------------------------------------------------- -- ------------------------ ------------------------
                                                                                                
  ↑ Tachykinin family (substance P, neuropeptide γ, neurokinin A)       0.25                    0.00044
  ↑ Cyclin E2 (CCNE2)                                                   0.95                    0.00057
  ↑ Matrix metalloproteinase-9 (MMP-9)                                  0.34                    0.00098
  ↑ Major histocompatibility complex (MHC) class II HLA-DR-α            0.22                    0.00118
  ↑ Matrix metalloproteinase-13 (MMP-13)                                0.52                    0.00218
  ↑ Lectin-like oxidised LDL receptor (LOX-1)                           1.8                     0.00249
  ↑ Coagulation factor VII                                              0.28                    0.00346
  ↓ Hemoxygenase-1 (HO-1)                                              -1.3                     0.00419
  ↑ Eukaryotic initiation factor-2α (eIF-2α)                            0.65                    0.00488
  ↑ Angiotensin receptor 2                                              0.31                    0.00566
  ↑ Protein kinase C-β (PKC-β)                                          0.68                    0.00832

###### 

Summary of genes most up- and down-regulated with decorin compared with no injection (in descending order of p-value)

  **Decorin *vs* no injection**                                **Log~2~ fold change**   **p-value (*t*-test)**
  ------------------------------------------------------------ ------------------------ ------------------------
                                                                                        
  ↑ GRO protein (GRO)                                           0.489                   0.00237
  ↓ Apolipoprotein D                                           -0.74                    0.00435
  ↑ Major histocompatibility complex (MHC) class II HLA-DR-α    0.27                    0.00474

Discussion
==========

Joint contractures are detrimental to the functional capability of patients. Once a joint becomes stiff, physical therapy and surgery may be required, but restoration of normal movement is not achieved in many individuals. Pharmacologic blockade of the fibrotic cascade could be extremely useful for the prevention or treatment of joint stiffness in orthopaedic surgery. However, to date there are no known effective pharmacologic treatments and/or preventative agents for arthrofibrosis. This may be in part related to the fact that while advances in operative treatment of joint stiffness have continued, the pathophysiology of arthrofibrosis remains poorly understood. Furthermore, some models of joint contractures do not produce a severe or permanent contracture, making it difficult to detect any effects from pharmacological treatments.^[@r26]^ An animal model leading to severe and permanent joint contracture must be used to detect differences in joint stiffness when various pharmacologic agents are tested.^[@r21]^

Several pharmacologic agents have been investigated for the prevention and treatment of fibrosis in different conditions. Decorin is a small leucine-rich endogenous proteoglycan. It was selected to be tested in this study as it is a promising anti-fibrotic agent in musculoskeletal conditions. Furthermore, its endogenous nature, lack of systemic side effects, ability to bind selectively and inactivate TGF-β, and its demonstrated anti-fibrotic effect in other organ systems, makes it an attractive consideration.

Numerous studies have demonstrated that decorin is an apoptotic agent.^[@r24],[@r27],[@r28]^ The relationship between myofibroblasts and apoptosis has been investigated in other fibrotic disease processes. For instance, as hypertrophic scars remodel, the number of fibroblasts and myofibroblasts reduce, possibly by apoptosis.^[@r28]^ These data supported the previous work of Desmouliere et al,^[@r29]^ showing that myofibroblasts appear in hypertrophic scars prior to the development of high levels of apoptosis, and may be differentiated fibroblasts committed to apoptosis.^[@r29]^ Garbin et al^[@r30]^ demonstrated a correlation between expression of α-SMA and apoptosis. The authors suspect that a delay in apoptosis may be an important factor in the pathophysiology of joint contracture.^[@r28],[@r31]^ To our knowledge, such a theory of apoptosis and myofibroblasts in the resolution stages of arthrofibrosis has not been studied or described. Furthermore, to our knowledge, the effects of recombinant decorin on joint stiffness, myofibroblasts, and apoptosis has not been studied or described, making it an exciting target for the potential treatment of established joint contractures.

In our study, we found no clinically or statistically significant difference in joint contractures between animals receiving decorin *versus*placebo (either BSA or no injection). This may be due to the route of administration, dosing, frequency, and most importantly, timing. We chose to use intra-articular injections based on the notion that this directly translates to the practicing orthopaedic surgeon. Dosing and frequency were based upon previous literature implying that 2 mg of decorin was optimal to induce fibrotic apoptosis.^[@r5],[@r6],[@r24]^ However, what was not appreciated at the initiation of the study, and only apparent through our subsequent genetic analyses, was the temporal course of decorin. Our mRNA expression data showed that decorin expression has the lowest levels at about six to 12 hours during the fibrotic cascade, with complete return to normal at 24 hours. As such, it is likely that the lack of clinical resolution of the contractures with decorin is secondary to the fact that it was administered when the contracture was already fully established; eight weeks after index surgery. This finding highlights the essential nature of completing both biomechanical and genetic analyses.

Interestingly, our genetic data demonstrated significant alteration in the mRNA expression of several genes when decorin was administered. This is novel, given that a custom microarray for rabbits had to be created and validated, combined with the use of several controls (BSA, no injection, and the unoperated contralateral limb). Moreover, advanced biostatistical analysis was required to ensure accuracy and reproducibility. To our knowledge, this is the first study to investigate the genetic expression profile of arthrofibrosis when treated with a potential anti-fibrotic agent, particularly over time and on such an expansive level as to include \> 300 genes. In our model, the highest differences in mRNA expression were for the following genes: substance P, neuropeptide γ, and neurokinin A, cyclin E2, MMP-9, MHC class II HLA-DR-α, MMP-13, LOX-1, coagulation factor VII, eIF-2α, angiotensin receptor 2, PKC-β, HO-1, GRO protein, and apolipoprotein D.

In humans, elbows with post-traumatic contractures have been shown to have increased mRNA expression of MMP-9 and MMP-13.^[@r32]^As such, it is intriguing that these were two of the genes most up-regulated by the administration of decorin. There may be several explanations for this. Foremost, it may be that the decorin was injected far too late in the fibrotic cascade. As such, the repeat trauma of the injections and intra-articular fluid may have perpetuated the process. In addition, while MMP-9 is indeed involved in matrix turnover, it has other functions. It can modulate chemokines and cytokines, which may have an effect on fibrosis by recruiting macrophages and fibroblasts to the area of injury. Mirastschijski et al^[@r33]^ found that MMP-9 levels were significantly increased in the presence of an inhibitor, suggesting that MMP-9 production can overcome the inhibition of other pathways to prevent scarring.

Moreover, several members of the tachykinin family showed significant increases in expression with decorin administration. This is a crucial finding, as multiple studies have shown that increased levels of tachykinin genes, particularly substance P, are significantly associated with musculoskeletal contractures.^[@r34]^ Furthermore, this highlights the need for correct timing of pharmacologic intervention. If tachykinin expression occurs early in the fibrotic cascade, then delivery of decorin at a later stage may not be sufficient to overcome the earlier process. The significant up-regulation of several other genes in response to the inhibition of TGF-β highlights the complexity of the fibrotic pathway. It is likely that blocking one potential target may lead to an increase in several other pathways, resulting in a counter-intuitive response.

There are limitations to the current study. Foremost, we did not complete polymerase chain reaction (PCR) confirmatory studies. PCR would allow us to confirm the microarray with higher fidelity. However, that is our next line of investigation. In addition, the custom microarray only allowed us to investigate a subset of genes. While not optimal, the current technology in an animal model remains in its infancy. Future studies must focus on all potential genes of interest.

In conclusion, 2 mg of decorin administered intra-articularly after an experimental joint contracture that had been established over eight weeks, led to alterations in the mRNA expression of a number of genes likely implicated in arthrofibrosis. Although these changes in mRNA expression did not translate to clinically relevant differences in joint range of movement in this experiment, it does suggest that further studies investigating the route of administration, dosing, frequency, and timing are warranted. In particular, we recommend intra-articular administration of decorin using the same experimental model, but at the very early stages after the initial injury (i.e. the six-hour time point).
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